Fusions of lacZ were constructed to genes in each of the loci involved in de novo synthesis of IMP. The expression of each pur-lacZ fusion was determined in isogenic purR and purR+ strains. These measurements indicated 5-to 17-fold coregulation of genes purF, purHD, purC, purMN, purL, and purEK and thus confirm the existence of a pur regulon. Gene purB, which encodes an enzyme involved in synthesis of IMP and in the AMP branch of the pathway, was not regulated by purR. Each locus of the pur regulon contains a 16-base-pair conserved operator sequence that overlaps with the promoter. The purR product, purine repressor, was shown to bind specifically to each operator. Thus, binding of repressor to each operator of pur regulon genes negatively coregulates expression.
In all organisms there are 10 steps for de novo synthesis of IMP, the first purine nucleotide intermediate in the pathway. IMP is a branch point metabolite which is converted to adenine and quanine nucleotides (Fig. 1 ). Although this pathway is invariant, the genetic organization and regulation of expression differ between organisms. In Escherichia coli and Salmonella typhimurium, the genes encoding these enzymes are scattered around the chromosome as individual loci and small operons (8) , whereas in Bacillus subtilis the genes for synthesis of IMP are organized as a single large operon (6) . In these bacteria, the addition of exogenous purines to defined growth medium causes repression of all genes in the pathway. However, in E. coli and S. typhimurium, the AMP and GMP branches appear to be under separate regulation from the main pathway leading to IMP (8) . The study of the regulation of purine nucleotide biosynthesis has been hindered by the availability of substrates and appropriately sensitive enzyme assays. This has necessitated, in some cases, the utilization of coupled assays instead of direct measurements of individual steps (8) .
The first mutations, designated purR, shown to affect overall regulation of the de novo pathway arose fortuitously in an S. typhimurium purA strain (8) . Other purR mutants were isolated by using resistance to the inhibitory purine analog 6-mercaptopurine (8, 15) and by exploiting the adenine sensitivity for growth ofpur-lac fusions with lactose (8, 16, 17, 29) . However, in all of these instances, the term purR was used only to designate a regulatory phenotype, since the individual mutations were not characterized genetically. The genetic characterization of the PurR phenotype was limited because of the high spontaneous mutation rate to the purR phenotype in the strain backgrounds used for study and by the availability of enzyme assays noted above. As a result of these earlier investigations, the de novo purine nucleotide biosynthetic pathway leading to the synthesis of IMP was inferred to be under the control of a common regulatory element. Although this view is widely accepted, the precise mechanism for the regulation of each of the individual loci by the purR gene was not experimentally established. Further-the effector molecules, but the purine bases hypoxanthine and guanine have been implicated as acting directly without conversion to the nucleotide form (10) .
Recently, the purR regulatory element from E. coli has been cloned, sequenced, and mapped (12, 25) to coordinate kilobase pair (kb) 17755 on the E. coli restriction map (13) , corresponding to min 36 on the chromosome. The pur repressor is a protein of 341 amino acids having homology to lacI, galR, and cytR (25) . The PurR binding site in gene purF, a 16-base-pair (bp) imperfect palindrome, was identified by mutational analysis and by direct DNA footprinting (24, 25) . This PurR binding site in the purF operon has been recognized in the control regions of several of the other pur genes (1, 7a, 26, 28, 30, 36 ; A. A. Tiedemann, D. J. DeMarini, J. Parker, and J. M. Smith, submitted for publication) as well as in gene purR (25) . Another purR mutation has been shown by Kilstrup et al. (12) to regulate the expression of the purD gene in the purHD operon, the purF operon, and the gene for cytosine deaminase. In this report, we extend these studies and demonstrate directly that the product of the purR gene (purine repressor) binds to a conserved operator sequence and regulates the expression of the other pur loci, leading to the synthesis of IMP.
After submission of this work, a paper by Meng et al. (19) reported evidence that all genes involved in the synthesis of IMP and GMP, except for purA, are regulated by purR.
MATERIALS AND METHODS
Bacterial strains and media. The strains used in this study were all derivatives of E. coli K-12 and are described in Table 1 . Strain TX337 was constructed from strain W3110 (2) by the sequential P1-mediated introduction of a pro-lac deletion by o-nitrophenyl-,3-D-thiogalactoside selection (20) and then the introduction of the A(lac)U169 mutation from strain TX302 by selection for Pro'. The rich medium was LB (20) , and the minimal medium contained salts (35) , 0.5% glucose, 2 ,ug of thiamine per ml, 0.2% acid-hydrolyzed casein, and supplements as required. Adenine was added at 100 pg/ml. MacConkey agar was used for isolation of purR strains.
Construction of pur-lacZY fusion strains. TX302  TX337  TX529  TX530  TX701  TX705  TX709  TX717  TX725  TX726  TX729  TX764  TX768  TX769  TX771  TX773  TX778  TX779  TX780 supE44 gaIK2 rpsL31 kdgKSJ xyl-5 mtl-l rfbDI MC4100 (XpurF-lacZ)recA (Mu1+) (purR+ Kmr) MC4100 purR300 Reference 39 This study 27 Preparation of extract containing purine repressor. A 20-ml culture of strain R303 (pRRM127) was grown to late log phase in minimal medium supplemented with adenine (100 jig/ml) and kanamycin (50 ,ug/ml). Extracts were prepared as described previously (25) and stored in small samples at -700C.
Repressor-operator binding. DNA fragments containing a pur gene control region were labeled on one end with T4 polynucleotide kinase and [_y-32P]ATP and were isolated from a 5% polyacrylamide gel by electroelution. Gel retardation assays were conducted as described previously (25) with 10 fmol of DNA fragment and variable amounts of extract from purR+ plasmid-bearing strain R303 (pRRM127) in a volume of 20 ,ul. Binding specificity was determined by using extract from purR strain R320. After electrophoretic separation, bands corresponding to free DNA and protein-DNA complex were excised from the gel and counted for radioactivity. The method for DNase I footprinting has been described (25) .
Enzyme assays. All strains were grown in minimal medium supplemented with adenine (100 ,ug/ml). Cells grown overnight were inoculated into fresh medium and grown to late log phase (Klett 100) at 37°C. Cells were harvested by centrifugation, suspended in 0.1 M sodium phosphate (pH 7.0), and disrupted by two passages through a French pressure cell at 20,000 lb/in2. The lysate was centrifuged at 12,000 x g for 15 min, glycerol was added to 20% (vol/vol), and extracts were stored at -70°C before assay of 1-galactosidase activity (20) . Protein was determined by the method of Lowry as described by Layne (14) .
RESULTS
Isolation and characterization of purR::TnlO mutations. Because of a high spontaneous mutation rate to PurR-, it is difficult to use spontaneous purR mutations for genetic characterizations and manipulations. To overcome this obstacle in the construction of isogenic strains, it was desirable to isolate a transposon-induced purR mutation. Accordingly, the purL-lacZY: :Kanr strain TX705 was mutagenized with the mini-Tet element derived from the TnJO transposon (37), and tetracycline-resistant colonies were selected on MacConkey agar plates supplemented with hypoxanthine (50 ,ug/ml). On this medium, the wild type purL-lacZY: :Kanr fusion strain forms white colonies. Therefore, red colonies, which should represent derepression of the purL-lacZY::
Kanr fusion, were selected as putative purR::TnJO mutants.
After initial characterization by P1-mediated backcrosses into strain TX705, three independent mini-Tet-induced regulatory mutants were retained for genetic characterization. All three were initially identified as purR mutations by their P1 linkage to the man and pdxH loci and confirmed by complementation with purR+ plasmid pPR1002 (25 (18, 24) , purMN (28), purL (26) , purEK (30, 36) , purHD (1), purC (Tiedeman et (Fig. 2) . This conserved region, which is also present in purR (25) , has a consensus sequence 5'-NCGCAAACGTTTNCNT. This sequence in the purF control region (18) has been shown by mutational analysis (24) and DNase I footprinting (25) to be the binding site for the purR regulatory protein. Thus, the conserved sequences in the control regions of the other pur loci were also inferred to be binding sites for the purR regulatory protein.
To determine the precise role of the purR regulatory protein in the control of expression of these different pur loci, we undertook to measure the effect of a purR::TnJO mutation on the expression of these genes as well as investigate protein-DNA binding.
Coregulation of pur genes by purR was quantitated by measurement of ,B-galactosidase activity from pur-lacZ fusions. Each locus in the common pathway to IMP, with the exception of purB, was regulated by purR ( Table 2 ). The effect of purR was to repress gene expression between 4.6-and 17-fold, with purF, which encodes the first enzyme in the pathway, exhibiting the greatest regulation. The 17-fold regulation of purF obtained with this purR: :TnJO mutation is similar to the 18-to 21-fold regulation of a different purFlacZ construct with two different purR alleles (24) . Gene purB encodes adenylsuccinate lyase, an enzyme that catalyzes reaction 8 in the pathway to IMP and also a reaction in the branch to AMP (Fig. 1) . In agreement with suggestions from earlier studies (29, 41) , purB expression was not subject to regulation by purR. Gel retardation assays provide evidence that purine repressor binds to 5'-flanking sequences of pur genes that contain a control site. DNase I footprinting experiments were conducted to define the site of protein-DNA interaction. Figure 5 shows representative DNase I footprints. For each DNA fragment, there was a single region protected from digestion by DNase I. The DNase I footprinting results are summarized in Fig. 6 . Control regions in purF, purL, purMN, purHD, purEK, and purC are numbered from +1, the start of transcription. For each operon, purine repressor bound to the control region and protected approximately 20 to 24 bp against digestion by DNase I. Although the exact boundaries were difficult to determine because not every base is subject to digestion, in each case bound repressor protected the entire operator and protection usually extended approximately two to five bases beyond the operator boundaries in the 5' and 3' directions. The two exceptions werepurL andpurMN. There was no protection beyond the 3' boundary of the purMN operator, and only one base on the 5' end of the operator inpurL was protected. In thepurF, purL, purMN, and purEK control regions, the operator is seen to overlap the sequence corresponding to the -35 region of the promoter. However, in the purHD and purC operons, the operator abuts the -10 promoter region. monofunctional enzyme that catalyzes similar reactions in the path to IMP and in the AMP branch. We have constructed lacZ fusions to each of these loci in isogenic purR and purR+ strains in order to assay regulation of gene expression by purR. These strains have permitted direct measurements of a well-characterized purR mutation on the expression of each of the loci involved in the synthesis of IMP. The measurements of P-galactosidase (Table 2 ) demonstrate that each locus except purB is regulated by purR over a 5-to 17-fold range. This coregulation thus defines a pur regulon containing purF, purHD, purL, purMN, purE, and purC as well as purR (19; R. J. Rolfes and H. Zalkin, submitted for publication). As suggested previously (29, 41) , gene purB is not coregulated with genes for de novo synthesis of IMP. Recent work by Meng et al. (19) has provided evidence for 2.5-fold coregulation ofpurB by purR. Isolation of the purB control region is needed to determine whether it contains a PurR binding site. The data in Table 2 thus confirm earlier observations implicating purR in the control of the eight enzymes that are specifically involved in the pathway to IMP (reviewed in reference 21). Of the pur regulon genes, only purF is cotranscribed with nonpurine genes. The purF operon also contains genes cpvA, which is required for colicin V production (7), and dedF, a gene of unknown function (22) . Data summarized in Fig. 4 and 6 demonstrate that purine repressor binds to a conserved 16-bp operator site in the promoter region of each of the operons studied. The sequence of gene purB was not available, and this gene is not included in the survey. Presumably, the conserved bases in this operator consensus sequence, NCGCAAAC GTT TNCNT, are important for binding of repressor (Fig. 2) . The operator consensus sequence is a variant of the perfect dyad symmetry, ACGCAAAC -GTTTGCGT. There are 1-bp departures from the consensus in the operators for purMN, purEK, and purC. The purMN and purC operators bind repressor with somewhat lower affinity than the operators having no departures from the consensus sequence. It is of interest that the deviations from the operator consensus in purL and purC are in positions 1 and 2, respectively, of the right-hand symmetry. These positions were shown to be important for repressor binding to purF (24, 25) . We cannot explain why a deviation in the equivalent position in the left-hand symmetry of the purEK operator does not adversely affect repressor binding.
The conserved 16-bp operator sequence is located between positions -46 and -13 relative to the start of transcription in the purF, purL, purMN, purEK, and purHD operons (Fig. 6) . However, the transcription start site for purC actually lies within the operator sequence. For genes purF, purL, purMN, purEK, purHD, and purC, the promoter can be defined by the position of the -10 hexamer (overlined in Fig. 6 ) and the transcription start site. Mutational analysis has confirmed the identification of the purF -10 promoter element (24) . In addition, we have overlined the expected position of the -35 promoter element (9) in the pur loci shown in Fig. 6 (4, 11, 23) . In these cases, there is always an extended -10 region in which the sequence 5'-TGN precedes the -10 hexamer. Examination by mutational analysis indicates that the TG dinucleotide is important for function (4, 11, 23 the C nucleotide in this potential extended -10 region may be restricted because it is a conserved position in the purC operator. There is at present no good explanation for why the highly expressed E. coli pur genes have relatively poor matches to the -35 promoter consensus sequence. One possibility that had been considered was that the sequence of the -35 region was constrained by the requirement for an overlapping pur operator (24) . The summary in Fig. 6 shows, however, that the operators in purHD and purC do not extend to the -35 region, yet these genes have nonoptimally positioned -35 hexamers, with only three of six matches to the -35 hexamer consensus. From the relative locations of the pur operator and promoter (Fig. 6) Fig. 4 were obtained in the absence of added purine or purine nucleotide coeffector. Coeffectorindependent binding results from the crude repressor containing bound coeffector and from in vitro conditions that fortuitously bypass a coeffector requirement (Rolfes and Zalkin, unpublished).
In addition to controlling pur genes, purR expression is autoregulated (19) 
